Introduction Obesity and gastroesophageal reflux disease (GERD) are increasingly important health problems. Previous studies of the relationship between obesity and GERD focus on indirect manifestations of GERD. Little is known about the association between obesity and objectively measured esophageal acid exposure. The aim of this study is to quantify the relationship between body mass index (BMI) and 24-h esophageal pH measurements and the status of the lower esophageal sphincter (LES) in patients with reflux symptoms. Methods Data of 1,659 patients (50% male, mean age 51±14) referred for assessment of GERD symptoms between 1998 and 2008 were analyzed. These subjects underwent 24-h pH monitoring off medication and esophageal manometry. The relationship of BMI to 24-h esophageal pH measurements and LES status was studied using linear regression and multiple regression analysis. The difference of each acid exposure component was also assessed among four BMI subgroups (underweight, normal weight, overweight, and obese) using analysis of variance and covariance.
Introduction
Gastroesophageal reflux disease (GERD) is a major health problem. Epidemiologic studies have shown that the prevalence of GERD in Western countries is approaching 20%. 1 This increased prevalence appears to be accelerating. A meta-analysis conducted in 2007 of reports published over the past 20 years suggested that the prevalence has increased by 4%/year in the Western world. 2 In North America, the incidence increased 5% annually between 1992 and 2005. prevalence of obesity among US adults between the ages of 20 and 75 was 15%. By -2004 , the NHANES III study reported that the prevalence of obesity had more than doubled in the 25 years between the studies. 4 It is predicted that by the year 2020, 77.6% of men will be overweight and 40.2% obese; the corresponding predictions for women are 71.1% overweight and 43.3% obese. 5 The parallel rise in GERD and obesity suggests a link between the two. A recent meta-analysis of 20 studies reported a positive association between increasing body mass index (BMI) and the presence of GERD within the USA. 6 Further, in many chronic diseases such as cardiovascular diseases, cancer, arthritis, and diabetes, obesity appears to be a substantial etiologic factor. Therefore, it is reasonable to enquire if obesity may contribute to the increased prevalence of GERD. However, the literature on this subject is conflicting. [7] [8] [9] [10] [11] This conflict may be due to differences in the definition of GERD: surveys that define GERD based on symptom questionnaires may be overinclusive, 8, 10 whereas those based on complications of GERD such as esophagitis, Barrett's esophagus, or esophageal adenocarcinoma are too restrictive. [12] [13] [14] [15] To establish a more convincing relationship between obesity and GERD, the diagnosis of GERD must be made with greater precision. The most objective method of defining GERD is 24-h esophageal pH monitoring. Additional insight into the physiological mechanism underlying the relationship between obesity and GERD requires studies such as esophageal manometry. The invasive nature of these tests precludes their application to large populations of patients. For this reason, there is no large study that has correlated BMI with esophageal acid exposure and lower esophageal sphincter (LES) function. The aim of this study is to quantify the relationship between BMI and esophageal acid exposure and LES status in a large number of symptomatic patients.
Methods
Data were collected on 2,723 subjects with foregut symptoms referred to the Esophageal Diagnostic Laboratory at USC University Hospital between October 1998 and August 2008 who underwent esophageal pH monitoring. The subjects were weighed by laboratory personnel on arrival at the esophageal laboratory. In most cases, height was also measured, but in a small minority of patients, selfreported height was used. BMI was calculated as weight in kg/(height in m) 2 . The World Health Organization categories of BMI were used to group the patients into four standard categories: underweight <18.5, normal weight 18.5-24.9, overweight 25-29.9, and obese ≥30. All subjects had esophageal manometry of the LES and esophageal body and 24-h esophageal pH monitoring. Subjects were excluded if there was a technical problem with the test, if the studies were conducted while on acid suppression medication, or if they had a history of previous foregut surgery. Subjects found to have a named motility disorder of the esophageal body (achalasia, diffuse esophageal spasm, and nutcracker esophagus) were also excluded. As a result, 638 subjects were excluded. Of the remaining 2,085 subjects, 1,659 underwent a detailed assessment of the LES using slow motorized pull-through manometry. These 1,659 subjects constituted the study population of this investigation.
Esophageal Manometry
All drugs interfering with foregut function were discontinued for at least 48 h before the study. After an overnight fast, a 12 French 8-channel water-perfused motility catheter (Arndorfer Medical Specialties, Greendale, WI, USA) was passed through the anesthetized nostril into the esophagus and into the stomach. The manometry study was conducted and analyzed as previously described. 16 Detailed assessment of the LES was performed using slow motorized pull-through manometry. The conduct and analysis of this method has been reported by us previously. 17 This technique has been shown to have superior accuracy and reproducibility compared to the standard manometry. 17 Three characteristics of the LES were assessed: pressure, total length, and abdominal length. When all three components of the LES were normal, the LES was considered mechanically normal and when one or more components were abnormal, the LES was considered mechanically defective.
For the purpose of graphical representation, the LES was stratified on an ordinal scale of 0-3, according to the number of LES components (resting pressure and total and abdominal length) within the normal range: 0, all components defective; 1, only one component normal; 2, two components normal; 3, all three components normal.
Detection of Hiatal Herniation
The presence of hiatal hernia was defined manometrically by the presence of a double hump pattern. This pattern is created by separation of the manometrically observed highpressure zone in the distal esophagus into two distinct locations with a near-baseline pressure between.
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Ambulatory 24-h Esophageal pH Monitoring Acid-suppression medications were discontinued 3 days (H 2 -blocking agents) or 14 days (proton pump inhibitors) before the study. The pH catheter with an antimony sensor was calibrated in a standard buffer solution at pH 1 and 7 before and after monitoring. The catheter was passed transnasally in order to position the pH sensor 5 cm above the manometrically determined upper border of the LES. Subjects were given dietary instruction to be followed throughout the 24-h monitoring period. They were also asked not to eat or drink between meals; to avoid carbonated beverages, alcohol, or fruit juices; to remain upright (sitting, standing, or walking) throughout the day; and to lie flat at night for sleep. They were instructed to keep a diary for the 24-h period indicating the time of meals, when they went to bed, when they got up, and when symptoms occurred. Esophageal acid exposure was expressed by the standard parameters, namely, the percent time pH was <4 for the total monitored period, and the time spent in the upright and supine positions, the number of reflux episodes, the number of reflux episodes longer than 5 min, and the duration of the longest reflux episode. From these six values, a composite pH score (DeMeester score) was calculated using a commercial software program (PolyGram®). The software also measured the percent time pH was <4 during the 2 h immediately following a meal (post prandial period).
The study was approved by the Institutional Review Board (Reference number, HS-07-00573).
Statistical Analysis
The esophageal 24-h pH components and the composite pH score were compared across BMI groups using analysis of variance (ANOVA) to detect an overall difference. The Bonferroni post hoc test was used to detect differences between pairs of groups. The relationship of each 24-h esophageal pH component with BMI was studied using linear regression and multiple regression analysis to derive the unadjusted and adjusted slope and the 95% confidence intervals. Age, sex, hiatal hernia, and LES status that were identified as significant risk factors in the univariate analysis were used as regressors in all models. The difference of each acid exposure parameter was also assessed among four BMI groups using analysis of variance and covariance.
We further assessed the significance of the difference of the adjusted slope between men and women using the multiple regression model.
In order to explore whether there is a threshold in BMI above or below which there is no relationship between pH and BMI, we repeated the analysis of covariance for each cut point of BMI from 25 through 35 and derived the difference of the adjusted means, the 95% confidence interval (CI), and R 2 . To assess the relationship between BMI and LES status, we examined the risk of a mechanically defective LES in the four BMI groups adjusting for age, sex, and hiatal hernia using the logistic regression model from which we derived the adjusted odds ratios and the 95% CI.
We used the SAS statistical analysis system (The SAS System Release 8.02, SAS Institute, Cary, NC, USA) for all analyses. The MATLAB program (MATLAB, The MathWorks; Natick, MA, USA) was used to create a threedimensional model showing interaction between BMI, LES status, and esophageal acid exposure. This was performed by plotting an "empiric spline" surface. A modified ridge estimator was used to generate this surface on a twodimensional grid.
Results
Of the 1,659 subjects, 835 were women (50%) and 824 men (50%). The mean±SD for BMI was 27.7±5.4, and the mean age was 51.4±14.2. The demographic and physiologic characteristics of the study population including the distribution by BMI categories are shown in Table 1 . The mean±SD for the components of the pH record by BMI groups are shown in Table 2 . A significant stepwise increase in all parameters of esophageal acid exposure was observed with increasing BMI category. The differences between individual BMI groups using a global measure of esophageal acid exposure (composite pH score) is shown graphically in Fig. 1 .
Other Factors
In addition to BMI, we investigated the role of age, sex, hiatal herniation, and presence of a defective LES on esophageal acid exposure. Table 3 provides a comparison of the mean composite pH score between subgroups of these factors. Older age, male sex, hiatal herniation, and presence of a mechanically defective LES are all significant contributing factors for higher composite pH score. The above factors were then included as regressors in the multiple regression analysis where we studied the linear relationship between esophageal acid exposure with BMI.
Multiple Regression Analysis
We studied the relationship of each measure of esophageal acid exposure with BMI using age, sex, hiatal hernia, and LES status as regressors. Table 4 provides the adjusted slope (increase in pH parameter per unit increase of BMI), 95% confidence interval, and percent of variation explained by BMI (R 2 ). For each component, the adjusted increase in that component per unit increase of BMI was significant (p<0.0001). On the basis of the adjusted R 2 value, 13% of the variability in the composite pH score may be attributable to variation in BMI.
Each unit increase in BMI was associated with an increase in the composite pH score of 1.46 (95% CI, 1.13-1.79) unit. This increase in composite pH score was higher in men [1.79, CI (1.18-2.39)] than in women [1.31, CI (0.92-1.69)]; however, the difference was not statistically significant (p=0.19). Figure 1 Composite pH score (mean, SE) across BMI groups. A significant difference between all BMI groups was observed (p< 0.0001, ANOVA). Post hoc tests used to calculate the statistical significance of differences between each two adjacent individual BMI groups. We further explored to determine if a threshold existed in BMI above or below which the positive relationship between pH and BMI ceased to exist. Table 5 shows the difference in the adjusted mean and R 2 for each cut point of BMI from 25 through 35 for the percent total time pH<4. It can be observed that the relationship is constant and that there is no distinct threshold above which the effect of BMI is maximal.
LES Status and BMI
The prevalence of a mechanically defective LES increased in higher BMI groups (p<0.0001, Fig. 2 ). Table 6 presents the adjusted odds ratio and 95% CI for the risk of LES by different risk groups including BMI group, age, sex, and hiatal hernia status. Hiatal hernia and obesity and overweight were shown to have a significant effect on risk of a defective LES, but age and sex had no significant effect. The relative contribution of BMI and LES pressure to esophageal acid exposure was demonstrated by plotting these parameters in a three-dimensional graph. Figure 3 shows this interaction.
Discussion
Two common diseases of contemporary Western society are GERD and obesity. Despite the many parallels between their epidemiology and presumed etiology, the relationship between the two disease processes remains incompletely understood. The major finding of this study is that the degree of esophageal acid exposure is strongly associated with increasing weight. This was true whether BMI was examined either as a continuous variable or as a categorical variable. The relationship is even stronger after adjusting for the known effect of age, sex, hiatal herniation, and LES status. Other workers, including ourselves, have reported comparable findings in much smaller series. [19] [20] [21] The major strength of the current study lies in the very large number of subjects studied, with a wide range of BMI and esophageal acid exposure.
For every unit increase in BMI, the percent total time pH<4 increased by 0.35% (95% CI, 0.24-0.46). This effect Analysis of covariance on percent total time pH<4 comparing BMI < and ≥ cut point adjusted for age, sex, hiatal hernia, and valve status of BMI on esophageal acid exposure appears to be continuous, since no particular BMI cutoff point was associated with a larger difference in the percent total time pH<4 (Table 5 ). The R 2 value calculated by multiple regression analysis in our series indicates that 13% of the change in esophageal acid exposure may be explained by variation in the BMI. This degree of association is much greater than the values typically reported for other recognized relationships between BMI and obesity-related comorbidities. Studies correlating BMI and blood pressure have reported values ranging from 5% to 9%, and the magnitude of correlation between BMI and blood sugar and high-density lipoprotein-cholesterol and triglycerides is even less. 22, 23 In concert with the greater degree of reflux observed in heavier subjects, we also observed a greater frequency of a mechanically defective LES. We found that age and sex have minimal effect on the status of the LES. Compared to patients with normal weight, obese patients were more than twice as likely to have a defective LES [OR=2.12(1.63, 2.75)]. In those with a hiatal hernia, the likelihood of a defective LES was also twice as great as those without hiatal herniation [OR=2.36 (1.93-2.89)]. These two observations suggest that the effect of obesity on the LES status is almost as great as the effect of hiatal herniation.
Reflux of gastric juice usually results from either a defective LES or transient loss of LES pressure. We focused on the correlation between presence of a defective LES and increasing BMI. Other workers have reported that obesity is associated with increased frequency of transient lower esophageal sphincter relaxation. 24 It is therefore clear that obesity has the potential to affect both these two mechanisms of reflux.
The effect of increasing BMI on the different components of pH record may shed light on the mechanism of obesity-induced reflux. For each unit increase in BMI, the increase in percent post prandial time was 0.48 compared to 0.35 for the percent total time. This may reflect the eating habit of obese subjects.
We also found that the association between BMI and esophageal acid exposure was stronger during the supine period compared to the upright position. One potential explanation is that the influence of increased intraabdominal pressure found in obesity may be maximal in the supine position.
The relative contribution of BMI and LES status to esophageal acid exposure can be conceptualized in a three-dimensional model showing the interaction between BMI and LES and esophageal acid exposure. As BMI increases and the status of the LES deteriorates, esophageal acid exposure peaks, suggesting an additive effect (Fig. 4) .
We acknowledge several limitations of this study. The absence of endoscopic data in the study subjects precludes any comment on the relation between BMI and esophageal mucosal damage. The identification of hiatal herniation in the study population was based on manometric criteria since consistent radiologic information was not available for all subjects. However, manometric identification of hiatal herniation has been reported to be highly specific when compared to endoscopic evaluation. 25 The sensitivity of our manometric identification appears higher than that of the other reports, most likely because of the greater accuracy of identifying the double hump in the artifactfree tracings produced by the slow motorized pull-through technique. 18, 25 Another potential limitation is selection bias related to the referral pattern of the subjects. Although our esoph- ageal laboratory is a recognized referral center for patients with complex esophageal diseases, we deliberately excluded those complex patients such as those with prior gastric or esophageal surgery, or with named motility disorders, whose results would be irrelevant to the understanding of the general relationship. It is also important to emphasize that subjects were referred to the diagnostic esophageal laboratory for the physiologic studies and not specifically for a surgical opinion. We recognize that the subjects in this study were all symptomatic patients, and the findings cannot be extrapolated to the asymptomatic population. This relationship between BMI and esophageal acid exposure suggests that the same environmental influences are responsible for the epidemic of both diseases in contemporary Western society. There is evidence that the volume and fat content of the diet are associated with increased esophageal acid exposure. 26 In addition, high caloric diets have been shown to increase esophageal acid exposure. 27, 28 It is therefore likely that the same dietary habits can promote both diseases. The healthcare implications of our study are potentially far reaching. For example, the reduction of weight by surgical or pharmacological intervention has reduced obesity-related comorbidities such as diabetes and cardiovascular disease: the possibility that weight reduction may also reduce or prevent the development of the complications of GERD, including reflux-induced lung disease, Barrett's esophagus, and esophageal adenocarcinoma, is ripe for further study. Figure 3 Interaction between LES resting pressure, BMI, and esophageal acid exposure in all subjects (n=1659). Figure 4 Interaction between LES status, BMI, and esophageal acid exposure in all subjects (n=1659). LES status stratified on an ordinal scale of 0-3, according to the number of LES components (resting pressure and total and abdominal length) within the normal range: 0 all components defective, 1 only one component normal, 2 two components normal, 3 all three components normal.
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